Progress in gerontological research has been promoted through the use of numerous animal models, which have helped identify possible mechanisms of aging and age-related chronic diseases and evaluate possible interventions with potential relevance to human aging and disease. Further development of nonhuman primate models, particularly rhesus monkeys, could accelerate this progress, because their closer genetic relationship to humans produces a highly similar aging phenotype. Because the relatively long lives of primates increase the administrative and economic demands on research involving them, new emphasis has emerged on increasing the efficient use of these valuable resources through cooperative, interdisciplinary research.
Progress in gerontological research has been promoted through the use of numerous animal models, which have helped identify possible mechanisms of aging and age-related chronic diseases and evaluate possible interventions with potential relevance to human aging and disease. Further development of nonhuman primate models, particularly rhesus monkeys, could accelerate this progress, because their closer genetic relationship to humans produces a highly similar aging phenotype. Because the relatively long lives of primates increase the administrative and economic demands on research involving them, new emphasis has emerged on increasing the efficient use of these valuable resources through cooperative, interdisciplinary research.
As gerontological research continues to gain both visibility and interest within the broader scientific community, the relevance of various model systems for eventual application of findings to humans has become a critical issue. Although rodents remain the most widely used animal model for gerontology, an increasing use of invertebrates has provided many new insights into aging processes, especially regarding possible longevity genes (1) . Given the complexity of human physiology, however, models more phylogenetically similar to humans are needed.
Advantages and Disadvantages of Nonhuman Primate Models
Research using nonhuman primates can provide a valuable approach for elucidating the nature and causes of aging processes observed in humans as well as evaluating potential interventions. An ongoing longitudinal study of aging and nutrition in rhesus monkeys (Macaca mulatta) conducted since 1987 by the National Institute on Aging (NIA), as well as studies conducted at other sites, has revealed much about aging and age-related disease in these monkeys and has shed light on the advantages and disadvantages of their use in gerontological research. Because of their genetic homology to humans (92.5 to 95%), many biological similarities are observed in the profile of aging. Another advantage is that rhesus monkeys are well adapted for laboratory research, including established husbandry, nutrition, breeding practices, and veterinary medicine. Disadvantages of rhesus monkeys include their current limited availability, costs of procurement and maintenance, and genetic heterogeneity. In addition, cross-species risks of disease transmission exist, and issues of animal welfare require constant vigilance. Research in monkeys is only as good as their physical and emotional health.
The major scientific disadvantage is that rhesus monkeys are long-lived. Sexual maturity occurs at 3 to 5 years of age, median life-span is 25 years, and maximum life-span is 40 years (2, 3) . With an estimated maximum life-span of 122 years in humans (4), the rate of aging in rhesus monkeys is roughly three times as fast. Thus, rhesus monkeys offer a distinct advantage over long-term human aging research, but longitudinal studies in these primates require a major investment of time, resources, and effort.
Scope of Rhesus Monkey Research
The NIA supports colonies of aging rhesus monkeys at five primate research centers in the United States (5); however, most studies conducted in these monkeys are cross-sectional in design. Ongoing longitudinal studies of aging and age-related disease in rhesus monkeys are being conducted at three sites: the NIA, the Wisconsin National Primate Research Center (WNPRC), and the University of Maryland, Baltimore (UMB). Research at UMB has focused on obesity and diabetes (6) . With the assistance of numerous international laboratories, studies at the WNPRC and the NIA are evaluating the hypothesis that a nutritious lowcalorie diet can retard the rate of aging (7, 8) . These studies use a regimen of calorie restriction (CR) 30% below control levels and represent the first experiments to evaluate effects of CR on aging processes in a primate species. As demonstrated in numerous studies of invertebrate and vertebrate models, CR is the most robust and reproducible method for slowing aging, as evidenced by reduced incidence and delayed onset of age-related diseases, extension of mean and maximum life-span, increased stress resistance, and improved physiological and behavioral function (9) . Emerging from years of research at many sites, abundant information on aging processes in rhesus monkeys has been generated to document parallels and relevance to human aging at organismic, tissue, cellular, and molecular levels of analysis.
Aging Parallels
Regarding morphology, physiology, and behavior, the profile of aging in rhesus monkeys is remarkably similar to human aging ( Fig. 1 ). Sensory systems decline in rhesus monkeys, including presbyopia (loss of near vision) and presbycusis (loss of high-frequency hearing) (10, 11) . With advancing age, they lose accommodation of the lens and develop cataracts and macular degeneration (11) . Regarding behavioral function, their general level of motor activity declines with age (12) with gradual decrements in finemotor skills (13) . Advancing age does not generally affect simple discrimination learning abilities, but when demands are placed on working memory capacity, the clear age-related decline in learning and memory performance is notably similar to humans (14) .
Age-related changes in physiological function include declines in metabolic rate and core body temperature (15) . Age-related changes have not been reliably observed in cardiac function, including heart rate, blood pressure, or measures of arterial stiffness, but the possible contribution of dietary sodium to these agerelated changes is currently being addressed. Regarding diet, another interesting parallel to humans is an apparent decline in appetite, manifested as a gradual decline in food intake (16) .
Structural changes with aging are also evident in rhesus monkeys. Their stature becomes diminished, and bone mineral density in selected sites declines with age (17) . Age-related changes in cartilage occur as reduced space between vertebrae, similar to osteoarthritis in humans (18) .
Body composition in rhesus monkeys also parallels changes observed in humans. Their fat mass, particularly abdominal fat, increases with age, whereas lean body mass declines (19) . Regarding skin quality, age-related deterioration in wound healing has been documented (20) . At a biochemical level, glycation of rhesus skin proteins is similar to that in humans but occurs at a predictably faster rate (21) .
Age-related changes in the rhesus brain have also been studied. Although overall brain mass does not decline with age as measured by weight (22) , reductions have been observed in specific regional volumes with magnetic resonance imaging, such as the basal ganglia (23) . Similar to humans, no significant loss of hippocampal or neocortical neurons occurs (24, 25) . Behavioral deficits associated with hippocampal dysfunction appear to result from decrements in interneuronal signaling rather than cell death (25) . Cerebral blood volume decreases with age in the hippocampal dentate gyrus (26) , and the cerebral cortex loses dendrites and arbors with age (25) . Neurotransmitter receptor and transporter binding in specific regions, including postsynaptic dopamine receptors (27) and presynaptic vesicular acetylcholine transporters (28), show age-related loss in the basal ganglia. Hippocampal cholinergic fibers are also lost with age (29) , and there are notable alterations in the integrity of white matter (30) .
Rhesus monkeys also develop pathological characteristics of Alzheimer's disease (AD), specifically the deposition of amyloid-␤ (A␤) plaques with regional deposition similar to humans (31) . A␤ plaques are associated with angiopathy (32) . Although A␤ accumulates in older rhesus brains, neurofibrillary tangles, another hallmark of AD pathology, have not been observed (33) . Driven by the success in mice, there is growing interest in producing transgenic monkeys in which AD and other neurodegenerative diseases can be accurately modeled (34) .
Parallels also exist between rhesus monkeys and humans regarding age-related hormonal changes, including decreased plasma levels of melatonin (35) and dehydroepiandrosterone sulfate (DHEAs) (36) . Hormonal changes are also observed in the reproductive system. The circulating concentration of testosterone and its pulsatile release decline with age in male rhesus monkeys (37) . Rhesus females experience the perimenopausal transition similar to women at similar stages of the life-span, but the age of initiation of endocrine changes varies in both species (38, 39) . As the perimenopausal transition progresses in women, gonadotropin levels increase. A simultaneous decrease in ovarian response results in insufficient hypothalamicmediated stimulation of preovulatory luteinizing hormone release. Ultimately, declining function of the hypothalamic-pituitarygonadal axis culminates in menopause (40) . The rhesus monkey is an appropriate model because of similarities in the perimenopausal transition as well as providing essential data on the consequences of perimenopausal hormonal changes on neural systems (39) . These observations are especially relevant considering the controversy surrounding hormone replacement therapy, and ongoing studies will greatly elucidate clinical applications for women.
Aging in human immune function is believed to manifest itself, at least in part, as an increased susceptibility to infectious and autoimmune disease and cancer. This may be related to age-related changes in cytokine production. Studies in rhesus monkeys have demonstrated age-related increases in interleukin (IL)-6 and IL-10 production and decreased interferon ␥ (41, 42) , similar to reports in humans (43) .
Pathology
Accompanying the biological changes that parallel aging in humans, these animals develop and die from similar chronic diseases. Although with normal diets rhesus monkeys do not develop severe atherosclerosis, other cardiac pathologies occur, including aortic valve calcification, interstitial fibrosis, hypertrophy of cardiac muscle, myocardial infarction, cardiac arrest, and congestive heart failure (3). On high-fat diets, however, rhesus monkeys do develop atherosclerotic plaques (44) . They also develop cancer, including carcinomas and sarcomas with intestinal adenocarcinomas as the most common malignant neoplasm (45) . Additionally, endometriosis occurs in females (46) . Interestingly, although prostate gland hypertrophy occurs in males (47) , prostate neoplasia is rarely observed (48) . Rhesus monkeys that are fed normal laboratory diets also develop diabetes, with increased incidence observed on high-fat or high-calorie diets (3, 6) . Considered together with altered body composition, reduced bone mineral density, increased serum triglycerides, and increased insulin resistance, rhesus monkeys provide an important new model of the increasingly prevalent "metabolic syndrome" (49) .
Interventions
Evaluation of treatments designed to retard aging, such as CR, requires a virtual "headto-toe" approach. Aging processes should be analyzed from molecular to behavioral levels. Table 1 provides a current overview of selected parameters from the NIA and WNPRC rhesus monkey aging studies evaluating the effects of CR. Clearly, findings indicate better health and lower disease risk for CR monkeys compared to controls. However, both studies are still ongoing, and data are still being amassed on CR effects on aging processes, mortality, and morbidity.
The widest application of rhesus monkeys has been to evaluate interventions bearing on brain aging and disease. Rhesus monkeys have shown great utility in evaluating hormone replacement therapies on cognition (50). In addition, successful studies of neurotrophic factors, including nerve growth factor and glia-derived neurotrophic factor, to treat AD and Parkinson's disease, respectively, have provided a basis to evaluate these treatments in humans (51, 52) . Rhesus monkeys have also been used to investigate gene therapy for neurodegenerative disorders (53) . As stem cell therapies emerge for age-related brain diseases, rhesus monkeys will serve as a valuable model for evaluating their success, especially in treatment of disorders involving loss of specific neural systems, such as Parkinson's disease. Effective gene transfer into rhesus hematopietic stem cells has already proven successful (54) . In addition, monkeys have been successfully used in studies to induce breast cancer-specific antibodies (55) and prostate-specific antigen immune response (56) and to test ovarian cancer chemoprevention (57) .
Because rhesus monkeys can develop dietdependent obesity and diabetes, they will also Fig. 1. (A) A 19-year-old male rhesus monkey weighing 13.6 kg on the control diet. (B) A 19-year-old male rhesus monkey weighing 7.9 kg on CR for 17 years. Notably, the CR monkey generally appears smaller. (C) A 38-year-old (estimated age) male rhesus monkey weighing 6.8 kg on CR for 17 years. This monkey is one of three in the NIA study for which the exact birth date was unknown, but he first arrived at NIH in July 1968 with an estimated age of 4 to 8 years on the basis of body size and dentition. He was placed on CR in 1987. He died 18 April 2004 at a minimal estimated age of 40 years, but he could have been as old as 44 years, making him one of the oldest recorded of this species. This monkey had stooped posture, loss of hair, and wrinkled and sagging skin with broken blood vessels, and he exhibited arthritis, osteoporosis, and cataracts.
serve as highly useful models for discovering anti-obesity and antidiabetic treatments. The amino acid sequence of the nuclear receptor, peroxisome proliferator-activated receptor alpha (PPAR␣), is highly homologous between humans and rhesus monkeys; thus, synthetic compounds, such as the fibrates, that can regulate lipid and lipoprotein metabolism through PPAR␣ receptors have similar effects in both species (58) . Studies have further shown the potential therapeutic value of antidiabetic and anti-obesity drugs in obese or insulin-resistant rhesus monkeys (58) (59) (60) .
Mechanisms and Markers of Aging
Insight into basic mechanisms responsible for the age-related changes described above can also be obtained. Oxidative stress purported to be a major cause of aging and age-associated diseases is partially ameliorated by CR (61) . Similarly, other forms of stress, glycation, and biological disordering in general are thought to contribute to aging and are attenuated by CR (61). As reviewed above, many age-related changes in humans occur in rhesus monkeys, boding well for the use of these nonhuman primates to devise interventions that delay or reduce dysfunction and pathology and possibly extend the quantity and quality of life.
In this regard, recent interest was focused on three "biomarkers of longevity" apparently common to both CR rhesus monkeys and longer lived human males not practicing CR (62) . These are lower levels of plasma insulin and body temperature, and maintenance of higher plasma levels of DHEAs. The first two have been demonstrated in CR rodents (9) as well as in monkeys, although DHEA (the sulfated form is the major species) levels are too low to evaluate in rodents. Nevertheless, cross-species similarities in CR effects on two markers and changes during normal aging in all three markers further underscore their value for both mechanistic and intervention studies. Most recently, shortterm (about 6 months) 25% CR in humans of both sexes has reduced both temperature and insulin levels (63) .
A fundamental metabolic shift occurs in organisms on CR, from a growth and reproductive strategy to one of a life maintenance strategy. A drop in body temperature is evidence of this shift concomitant to increased protective mechanisms against various insults and pathologies, slower rate of tissue deterioration, and more reserve capacity observed in rodents on CR (62) . Moreover, loss of insulin sensitivity during aging is probably tissue specific and secondary to changes in insulin signal transduction. Age-related decreases in circulating DHEAs may reflect a loss of adrenal parenchymal cells and/or reduced secretory function of surviving cells, which might affect important feedback mechanisms. This altered hormonal status is relevant for current discussion of the benefits of androgen replacement therapy. Because lower insulin levels and increased insulin sensitivity is protective against diabetes and DHEAs are purported to protect against both cancer and metabolic syndrome (36) , the relevance of the rhesus model for age-related disease research and possible intervention strategies for eventual human application is obvious.
Conclusions
Thus, we envision even more extensive use of the aging rhesus model in future research. Initial efforts to sequence the rhesus genome have also been initiated that will increase the value of this animal model. To aid in the further development of nonhuman primate models of aging, the NIA and the WNPRC are developing the Primate Aging Database (PAD), which involves a multisite cooperative effort to share and analyze data in multiple species. A preliminary report that uses the PAD has been published demonstrating the utility of cooperative efforts to increase information in this area of research and promote efficient use of nonhuman primate resources (64) .
